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Transgenic plantsLignin, a complex racemic phenolic heteropolymer present in plant cell walls, plays crucial role in the adaptive
strategies of vascular plants. But from agroindustrial perspective, lignin exerts a negative impact on the utilization
of plant biomass in pulp and paper industry, textile industry, forage digestibility and production of biofuel. In this
direction, ligninmanipulation by genetic engineering approaches serves as a promising strategy. The researches on
lignin biosynthesis, especially monolignol biosynthesis, have demonstrated that alteration of lignin content and
composition can be attained to acquire economic and environmental beneﬁts. Thus, transgenic plants with
modiﬁed lignin content and composition can cope with large shifts in p-hydroxyphenyl/guaiacyl/syringyl lignin
ratios and modiﬁed lignin can serve as improved feedstock for production of paper, bioﬁbers, biofuels and forage.
This review provides an overview of lignin genetic engineering in plants to yield new insights into the lignin
biosynthetic pathway and quality amelioration of wood for efﬁcient pulping, ease of forage digestibility, and pro-
duction of bioﬁber and biofuel.
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Lignin, a complex aromatic heteropolymer, is a major constituent of
the secondary cell walls of all vascular plants. It plays essential roles in
strengthening and impermeabilization of the cell walls and constitutes
mechanical and chemical barriers against pathogens (Rastogi anderma),
y Elsevier B.V. All rights reserved.Dwivedi, 2003, 2008; Vinardell et al., 2008). Ligniﬁcation of plant cell
wall is developmentally regulated; however, its deposition is also
induced by various abiotic and biotic stresses, such as metabolic stress,
wounding, pathogen infection as well as changes in cell wall structure
(Caño-Delgado et al., 2003; Tronchet et al., 2010). It is primarily synthe-
sized anddeposited in the secondary cellwalls of xylemvessels, tracheary
elements, phloem ﬁbers and periderm (Lewis et al., 1999; Rogers and
Campbell, 2004).
Lignin is derived by oxidative polymerization of three cinnamyl
alcohols, i.e. monolignols (namely, p-coumaryl, coniferyl and sinapyl
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p-hydroxy phenyl (H),monomethylated guaiacyl (G) and dimethylated
syringyl (S) units, respectively (Boerjan et al., 2003; Boudet, 1998;
Cesarino et al., 2012; Chen et al., 2006; Chiang, 2005, 2006; Dixon
and Reddy, 2003; Dixon et al., 2001; Douglas, 1996; Goujon et al.,
2003b; Harakava, 2005; Harris and DeBolt, 2010; Heitner et al., 2010;
Humphreys and Chapple, 2002; Humphreys et al., 1999; JinHua et al.,
2007; Li and Chapple, 2010; Liu, 2012; Morreel et al., 2004; Ralph et al.,
2004; Ralph and Brunow, 2006; Rastogi and Dwivedi, 2008; Sederoff
et al., 1994; Vanholme et al., 2010a; Weisshar and Jenkins, 1998;
Whetten and Sederoff, 1991, 1995; Whetten et al., 1998). Monolignol
biosynthesis occurs in cytoplasm involving a series of steps forming
a ‘metabolic grid’, in which some enzymes display broad substrate
speciﬁcities and some are multifunctional (Fig. 1). In brief, the
phenylpropanoid pathway for the biosynthesis of monolignols
commences with the deamination of phenylalanine derived
from the shikimate biosynthetic pathway occurring in the plastid.
Then several reactions including side chain reduction, aromatic ring
hydroxylation/methoxylation and conversion of the side chain carboxyl
to an alcohol group occur (Liu, 2012). Genome sequencing, genome
array expression proﬁling and transcriptome proﬁling data haveOH
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encoding lignin biosynthesis pathway enzymes (Bonawitz and
Chapple, 2010; Bosch et al., 2011; Casu et al., 2007; Courtial et al.,
2013; Ko andHan, 2004;Minic et al., 2009). Through combination of se-
quence homology or speciﬁc transcript-proﬁling techniques, it is now
possible to isolate genes that are more speciﬁc for secondary cell wall
formation (Bedon and Legay, 2011). Three enzymes of the monolignol
biosynthesis pathway, namely, C4H, C3H and F5H, are membrane-
bound cytochrome P450 enzymes and are active at the cytosolic side
of endoplasmic reticulum. The monolignols, synthesized in the cyto-
plasm, are then translocated to cell wall by a still unclear mechanism
(Alejandro et al., 2012; Kaneda et al., 2011; Liu et al., 2011; Miao and
Liu, 2010; Vanholme et al., 2010a; Wang et al., 2012; Whetten and
Sederoff, 1995). According to onemodel,monolignol glucosides, formed
by UDP-glucosyltransferase, are transported to plant cell wall and
hydrolyzed by coniferin β-glucosidase. According to the second model,
monolignols are transported to the plasma membrane by Golgi-
derived vesicles. However, signiﬁcant evidences for these two models
are lacking and at present the roles of ATP-binding cassette-like (ABC)
transporters or unaided diffusion of monolignols across the plasma
membrane are being demonstrated. In the cell wall, polymerization ofOCH3CH O3OCHHOOCHOH
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sions takes place. Polymerization involves oxidative radicalization/
dehydrogenation of phenols, mediated by peroxidases and/or laccases,
followed by combinatorial radical coupling, wherein lignin macro-
molecule itself acts as template for further ligniﬁcation (Berthet et al.,
2011; Chabanet et al., 1994; Christensen et al., 1998; Fagerstedt et al.,
2010; Marjamaa et al., 2009; Morreel et al., 2010; O'Malley et al.,
1993; Vanholme et al., 2010a; Zhao et al., 2013a).
The total content and relative abundance of monolignols, their
linkages, degree of polymerization, number of free phenolic groups
and degree of cross-linking with polysaccharides vary among plant
taxa, plant developmental stage, cell types and plant tissue (Chen
et al., 2002; Grabber et al., 2004). In general, the lignin in angiosperm
dicot plants is composed of G and S units and traces of H units, whereas
the lignin in gymnosperms is mostly made up of G units with minor
amounts of H units. Lignin in monocots contains relatively higher
amount of H units and similar levels of S and G units (Vanholme et al.,
2010a). In addition, lignin in grasses contains considerable amounts
of the hydroxycinnamates, ferulic acid and p-coumaric acid (Vogel,
2008). The S, G and H units may link through various dimer bonding-
patterns, such as β-O-4, β-5, β-1, 5-5, 4-O-5 and β-β (Buanaﬁna, 2009;
Davin and Lewis, 1992; Terashima et al., 1996). Coupling ofmonolignols
depends on their chemical characteristics, their speed of delivery to the
cell wall and the oxidative environment in the wall (Parijs et al., 2010;
Vanholme et al., 2008). The S/G ratio in lignin indicates the degree
and nature of cross-linking. G-rich lignin is highly cross-linked due to
a greater proportion of biphenyl and other carbon–carbon bonds,where-
as S-rich lignin is less condensed, linked bymore labile ether bonds at the
4-hydroxyl position (Ferrer et al., 2008). S-rich lignin is more easily
depolymerized than G-rich lignin, because methoxy groups on a lignin
monomer result in less possible combinations during polymerization
due to reduced available reactive sites (Ziebell et al., 2010). The incorpo-
ration of eachmonomer and ligniﬁcation of cell wall are developmental-
ly programmed both temporally and spatially. Differential distribution of
lignin monomers is observed between primary and secondary cell walls,
between tissues and also in speciﬁc cell types (Grabber et al., 2004;
McCann and Carpita, 2008). The content of lignin increases with plant
maturity. H and G units are incorporated at the commencement of
lignin deposition, while only a few S units are detected during
early stages of ligniﬁcation. Subsequently, coniferyl alcohol and in-
creasing amounts of sinapyl alcohol are incorporated to form a mix
of G and S units during secondary wall formation (Grabber, 2005).
In grasses, hydroxycinnamates are also incorporated during sec-
ondary cell wall development and ligniﬁcation. Ferulic acid is the
major hydroxycinnamic acid derivative in young grass cell walls,
while p-coumaric acid is indicative of cell wall maturity, since it is
mainly esteriﬁed to side chains of S units and its incorporation follows
the same deposition pattern of S units (Riboulet et al., 2009). In
most dicots, thickening of secondary walls occurs mainly in water-
conducting vessels of the xylem, which tend to contain higher levels
of G units, and in structural ﬁbers, which are normally enriched in S
units (Bonawitz and Chapple, 2010). In grasses, parenchyma, epidermis
and hypodermis contain limited but signiﬁcant amount of lignin, while
xylary tissues and sclerenchyma accumulate high amounts of lignin
enriched in S lignins (Grabber et al., 2004).
Monolignols cross-link with other biomolecules such as cellulose,
hemicelluloses and proteins. Together with hemicelluloses, lignin
forms a complex matrix in which cellulose microﬁbrils are embedded
(Vega-Sanchez and Ronald, 2010). Lignin composition and cell wall
structural organization in grasses are considerably different fromherba-
ceous andwoody dicots or gymnosperm lignins (Buanaﬁna, 2009; M. Li
et al., 2012). One distinctive feature of the monocot lignins is the sub-
stantial incorporation of the p-hydroxycinnamic acids including ferulic
and p-coumaric acids. Ferulate monomers and dimers are ester-linked
to glucuronoarabinoxylan and are involved in ether and C–C linkages
to the lignin polymer that act as cross-links between hemicelluloseand lignin polymer chains. Monomers of p-coumaric acid are esteriﬁed
to the lignin polymer at the γ-carbon of the side chain region of β-O-4
linked syringyl moieties and to a lesser degree esteriﬁed to
glucuronoarabinoxylan. Grass lignins are signiﬁcantly more condensed
(i.e., contain more C–C linkages between monolignols) and have higher
phenolic hydroxyl contents than the lignins of dicots.
Lignin biosynthesis is controlled by a regulatory cascade of upstream
transcription factors controlling the formation of secondary walls by ac-
tivating several other transcription factors. Some of these transcription
factors, for example,MYB, LIM, NAC,WRKY, KNOX, and SHN, then induce
the expression of lignin biosynthetic pathway genes (Ambavaram et al.,
2011; Bedon and Legay, 2011; Bhargava et al., 2010; Chavigneau et al.,
2012; Demura and Fukuda, 2007; Fornalé et al., 2010; Guillaumie et al.,
2010; Goicoechea et al., 2005; Grant et al., 2010; Gray et al., 2012;
Grima-Pettenati et al., 2012; Handakumbura and Hazen, 2012; Hisano
et al., 2009; Kawaoka and Ebinuma, 2001; Kim et al., 2012; Ko and
Han, 2004; E. Li et al., 2012; Ma et al., 2011; McCarthy et al., 2010;
Minic et al., 2009; Ohman et al., 2013; Ohtani et al., 2011; Rahantamalala
et al., 2010; Rushton et al., 2010; Sonbol et al., 2009; Tamagnone et al.,
1998; Townsley et al., 2013; Wang et al., 2010; Yamaguchi, 2010; Yan
et al., 2013; Zhong and Ye, 2007, 2009; Zhao et al., 2008; Zhong et al.,
2008, 2011; Zhao andDixon, 2011; Zhou et al., 2009). The transcriptional
regulation of lignin biosynthesis is thus under the control of the coordi-
nated transcriptional systems that regulate the biosynthesis of other sec-
ondary wall components such as cellulose and xylan (Zhong and Ye,
2009).
The degree of cross-linking of lignin with other biomolecules as well
as the distribution, content and composition of lignin in plants has
profound industrial, agricultural, environmental and economic implica-
tions (Novaes et al., 2010; Rastogi andDwivedi, 2008). It exerts negative
impacts on the exploitation of plant biomass for pulp production in
paper industry, bioﬁber production in textile industry, ease in livestock
digestibility, biofuel production from lignocellulose biomass and bio-
degradation of lignocellulosic materials (Baucher et al., 1996, 1999;
Dwivedi et al., 1994; Kwiatkowska et al., 2007; Rastogi and Dwivedi,
2006, 2008; Stephens and Halpin, 2007; Whetten and Sederoff, 1991).
Commercial and environmental beneﬁts may thus be attained by
intentionally (by either induced mutation or genetic manipulation)
targeting lignin biosynthesis pathway genes in plants to manipulate
lignin content and composition, however, it is pertinent that no nega-
tive consequences occur on plant growth anddevelopment due to lignin
manipulation. This possibility owed to the potential of oxidative radical-
ization of many new phenolic units generated by perturbedmonolignol
biosynthetic pathway entering the cell wall and their integration into
lignin polymer by coupling or cross-coupling (Derikvand et al., 2008;
Grabber et al., 2008; Ralph, 2006; Vanholme et al., 2010a). This has led
to directing the lignin biosynthetic pathway toward the biosynthesis
of new phenolic molecules, which upon incorporation into the lignin
polymer improve lignin degradation (Grabber et al., 2008; Vanholme
et al., 2012). Another point of encouragement was the generation of
viable and normal transgenic plants with altered lignin structures
upon inﬂux of various types of monolignols into their cell wall and the
ease of processing of their biomass (Huntley et al., 2003; Leplé et al.,
2007; Pilate et al., 2002; Ralph, 2006; Ralph et al., 2006). The likelihood
to manipulate lignin was also supported by the occurrence of natural
variations in lignin content and composition due to taxonomic differ-
ences, developmental changes and responses to biotic and abiotic stress
factors such as exposure to pathogen, herbicides, light and hormones
(Campbell and Sederoff, 1996; Donaldson, 2001; Fengel and Wegener,
1984; Grand et al., 1982; Marita et al., 2003b; Sederoff et al., 1999).
The prospects for genetically modifying lignin content and composition
were also suggested by the studies based on mutants, for example,
monopteros, lop1, lig1, iﬂ1, xtc1, xtc2, amp1, rsw1, avb1, irx4 and ref8 in
Arabidopsis, and bm mutants of maize, sorghum and related grasses
(Anterola and Lewis, 2002; Barrière et al., 2013; Bhargava et al., 2010;
Bout and Vermerris, 2003; Bucholtz et al., 1980; Chabbert et al., 1994;
Table 1
Transgenic plants raised by manipulation of monolignol biosynthetic pathway genes (as single/double/multiple gene constructs or crossing-overs) (n.d. = not determined).
Transgenic plants and genes targeted Alterations in lignin content (% decrease/increase with respect to control)
and lignin composition; Production of other metabolites;
Changes in plant characteristics (if any)
References
Tobacco
(PAL cosuppression)
Decreased lignin content; unusual phenotypes; altered leaf shape and texture;
stunted growth; reduced pollen viability; altered ﬂower morphology
and pigmentation
Bate et al. (1994);
Elkind et al., 1990
Tobacco
(PAL sense suppression)
Increased lignin content; unchanged lignin composition Howles et al. (1996)
Tobacco
(PAL cosuppression)
Decreased (43%) lignin content; increased S:G due to decreased
G; increased methoxyl group content
Sewalt et al. (1997a, 1997b)
Tobacco
(PAL sense suppression)
Decreased lignin content; decreased S:G Korth et al. (2001)
Alfalfa
(C3H antisense)
Decreased lignin content; lignin rich in H units; improved digestibility Reddy et al. (2005)
Alfalfa
(C3H antisense)
Decreased lignin content; normal G and S units;
increased p-hydroxyphenyl units; higher levels
of phenyl coumarans and resinols
Ralph et al. (2006)
Poplar
(C3H RNAi)
Decreased (56%) lignin content; generation of p-hydroxyphenyl units
at the expense of G units while the proportion
of S moieties remained constant; accumulation of substantial
pools of 1-O-p-coumaroyl-β-D-glucoside and other
phenylpropanoid glycosides, and p-coumaroyl shikimate
Coleman et al. (2008)
Alfalfa
(C3H)
Signiﬁcant structural changes had occurred to
the alfalfa ball-milled lignins;
increased p-hydroxyphenyl units;
decreased guaiacyl and syringyl units; decreased methoxyl
content (~55–58% in the ball-milled lignin);
decreased β-O-4 linkage contents; abundance of
phenylcoumaran and resinol in the ball-milled lignins
Pu et al. (2009)
Tobacco
(C4H antisense)
Decreased (20%) lignin content; decreased S:G Sewalt et al. (1997a)
Tobacco
(C4H sense suppression)
Decreased (15%) lignin content; decreased methoxyl group content Sewalt et al. (1997a)
Tobacco
(C4H over-expression)
Unchanged lignin content and composition Sewalt et al. (1997a)
Tobacco
(C4H antisense)
Decreased (30%) lignin content; decreased S:G Blee et al. (2001)
Alfalfa
(C4H antisense)
Decreased lignin content; no signiﬁcant impact
on lignin composition; Improved digestibility
Reddy et al. (2005)
Tobacco
(OMT antisense)
Decreased (12%) lignin content; decreased S Dwivedi et al. (1994)
Arabidopsis
(OMT antisense)
Decreased (10-38%) lignin content; vine like growth Dwivedi and Campbell (1995)
Arabidopsis
(OMT cosuppression)
Decreased (20-36%) lignin content; vine like growth Dwivedi and Campbell (1995)
Tobacco
(OMT antisense)
Decreased (15-58%) lignin content; unchanged lignin composition Ni et al. (1994)
Tobacco
(OMT antisense)
Unchanged lignin content; decreased S; new 5-OH G Atanassova et al. (1995)
Tobacco
(OMT sense)
Unchanged lignin content; unchanged lignin composition Atanassova et al. (1995)
Poplar
(OMT antisense)
Unchanged lignin content; decreased S; new 5-OH G; pale rose xylem Doorssalaere et al. (1995)
Tobacco
(OMT sense)
Unchanged lignin content; decreased S; decreased hemicellulose content Vailhe et al. (1996)
Tobacco
(OMT antisense)
Unchanged lignin content; decreased S; decreased hemicellulose content Vailhe et al. (1996)
Tobacco
(OMT antisense)
Decreased (35%) lignin content; G more reduced than S Sewalt et al. (1997a)
Aspen
(OMT cosuppression)
Unchanged lignin content; decreased S; red brown coloration Tsai et al. (1998)
2 year old poplar
(Populus tremula × Populus alba)
(OMT antisense)
Unchanged lignin content; increased G; pale rose coloration Lapierre et al. (1999)
Poplar
(OMT sense)
Decreased (17%) lignin content; near elimination of S;
increased cellulose; new 5-OH G; brownish coloration
Jouanin et al. (2000)
Tobacco
(OMT antisense)
Decreased (62%) lignin content Ogras et al. (2000)
Alfalfa
(OMT antisense)
Decreased (30%) lignin content; decreased G; new 5-OH G Guo et al. (2001a)
Poplar
(OMT antisense)
Unchanged lignin content; decreased S:G Pilate et al. (2002)
Maize
(OMT antisense)
Decreased (25-30%) lignin content; decreased S;
lower p-coumaric acid content; new 5-OH G
Piquemal et al. (2002)
Tobacco
(OMT antisense)
Decreased (24%) lignin content; decreased S; new 5-OH G Huayan et al. (2002)
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Table 1 (continued)
Transgenic plants and genes targeted Alterations in lignin content (% decrease/increase with respect to control)
and lignin composition; Production of other metabolites;
Changes in plant characteristics (if any)
References
Alfalfa
(OMT antisense)
Incorporation of 5-hydroxyconiferyl alcohol; new 5-OH G Marita et al. (2003a)
Maize
(OMT antisense)
Decreased (20% in stems, 12% in leaves, average 17% in whole plant
with the greatest reduction of 31%) lignin content; improved digestibility
(2% in leaves, 7% in stems, from 72 to 76% mean whole-plant digestibility)
He et al. (2003)
Leucaena leucocephala
(OMT antisense)
Decreased (28%) lignin content; decreased S; Increased cellulose (9%);
increased methanol soluble phenolics;
increased alkali soluble phenolics;
increased pulp extractability
Rastogi and Dwivedi (2006)
4 year old poplar (OMT antisense) Trees healthy; growth normal; no unexpected biological or ecological impacts;
interactions with leaf-feeding insects, microbial pathogens and soil organisms
were unaltered; short-term decomposition of transgenic
roots was slightly enhanced
Halpin et al. (2007)
Switchgrass
(OMT antisense)
Modest decrease in lignin content; reduced recalcitrance;
decreased S:G; phenotypically normal plants; improved forage quality;
increased ethanol yield (up to 38% using conventional biomass fermentation
processes); requirement of less severe pretreatment and 300–400%
lower cellulase dosages for equivalent product yields using
simultaneous sacchariﬁcation and fermentation with yeast;
fermentation of diluted acid pretreated transgenic switchgrass
using Clostridium thermocellum added enzymes showed better
product yields than obtained with unmodiﬁed switchgrass
Fu et al. (2011)
Arabidopsis (F5H/CALD5H over-expression) Only S Meyer et al. (1998)
Tobacco
(F5H/CALD5H over-expression)
Decreased (25%) lignin content; increased S Franke et al. (2000)
Poplar
(F5H/CALD5H over-expression)
Decreased (25%) lignin content; increased S Franke et al. (2000)
Aspen
(F5H/CALD5H sense)
Unchanged lignin content; increased S:G (three-fold) Y. Li et al. (2003),
L. Li et al. (2003)
Poplar (Populus tremula × Populus alba)
(F5H over-expression)
No signiﬁcant modiﬁcation in total lignin content; alteration of S lignin;
signiﬁcant increases in chemical (kraft) pulping efﬁciency from
greenhouse-grown trees (decreases of 23 kappa units and increases
of N20 ISO brightness units as compared to wild-type wood);
no observed phenotypic differences
Huntley et al. (2003)
Alfalfa
(F5H/CALD5H antisense)
Decreased lignin content; reduced S;
lignin rich in G units; improved digestibility
Reddy et al. (2005)
Alfalfa
(F5H/CALD5H antisense)
Decreased lignin content; reduced accumulation of
syringyl lignin in ﬁber and parenchyma cells,
but not in vascular elements
Nakashima et al. (2008)
Populus tremula × P. alba
(F5H over-expression)
97.5% S lignin (68% in control); lignin more linear,
displayed lower degree of polymerization,
higher resinol (β-β) and spirodienone (β-1) contents,
virtually no phenylcoumarans (β-5); p-hydroxybenzoates,
acylating the γ-positions of lignin side chains, were reduced by N50%,
suggesting consequent impacts on related pathways
Stewart et al. (2009)
Arabidopsis
(HCT RNAi)
Dwarf phenotype; changes in lignin composition Hoffmann et al. (2004)
Nicotiana benthamiana
(HCT RNAi)
Decreased S units; increased p-hydroxyphenyl units Hoffmann et al. (2004)
Pinus radiata
(HCT RNAi)
Decreased (42%) lignin content; predominant deposition of
4-hydroxyphenyl units (31% of wild-type); increased resinols;
reduced dibenzodioxocins; presence of glycerol end groups
Wagner et al. (2007)
Alfalfa
(HCT)
Decreased lignin content;
predominant deposition of 4-hydroxyphenyl units;
strong reductions of neutral- and acid-detergent ﬁber;
increased (20%) dry matter forage digestibility;
stunted with reduction in biomass; impaired vascular structure;
delayed ﬂowering
Shadle et al. (2007)
Alfalfa
(HCT)
Signiﬁcant structural changes had occurred to the
alfalfa ball-milled lignins; increased p-hydroxyphenyl units;
decreased guaiacyl and syringyl units;
decreased methoxyl content (~73% in the ball-milled lignin);
decreased β-O-4 linkage contents; abundance of
phenylcoumaran and resinol in the ball-milled lignins
Pu et al. (2009)
Alfalfa
(HCT)
Reduced cell wall recalcitrance; increased sacchariﬁcation;
changes in the extractability of hemicellulosic
and pectic polysaccharides in cell walls; xylan and
pectic polysaccharides more readily solubilized
from the cell walls; alterations in
lignin-polysaccharide interactions
Pattathil et al. (2012)
Tobacco
(CCoAOMT antisense)
Decreased (47%) lignin content;
G more reduced than S
Zhong et al. (1997, 1998)
Poplar
(CCoAOMT antisense)
Decreased (12%) lignin content; increased S:G Meyermans et al. (2000)
(continued on next page)
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Table 1 (continued)
Transgenic plants and genes targeted Alterations in lignin content (% decrease/increase with respect to control)
and lignin composition; Production of other metabolites;
Changes in plant characteristics (if any)
References
Alfalfa
(CCoAOMT antisense)
Decreased (47%) lignin content; decreased G; No reduction of S Guo et al. (2001a, 2001b)
Tobacco
(CCoAOMT antisense)
Decreased (15%) lignin content; unchanged S Pinchon et al. (2001a, 2001b)
Tobacco
(CCoAOMT antisense)
Decreased (30%) lignin content; decreased S and G;
G more decreased than S; increased S:G
Huayan et al. (2002)
Alfalfa
(CCoAOMT antisense)
Decreased (20%) lignin content;
no change in lignin composition; increased cellulose (10%) content;
increased cellulose: lignin ratio
Marita et al. (2003a)
3 year old ﬁeld-grown poplar
(Populus tremula × Populus alba)
(CCoAOMT antisense)
Decreased (13%) lignin content; slight increment in S:G;
less benzene-ethanol extractive wood; no signiﬁcant
differences were found in contents of ash, cold water extractive,
hot water extractive, 1% NaOH extractive, holocellulose,
pentosans and cellulose; Improved the ﬁber quality;
REMARKABLY improved pulp quality and increased pulp yield
Wei et al. (2008)
Linum usitatissimum (ﬂax)
(CCoAOMT antisense)
Decreased lignin content; modiﬁed S:G ratio;
altered xylem organization; reduced cell-wall thickness;
appearance of an irregular xylem (irx) phenotype;
changes in xylem cell-wall structure
Day et al. (2009)
Arabidopsis
(4CL antisense)
Decreased (30%) lignin content; decreased G Lee et al. (1995)
Tobacco
(4CL sense)
Decreased (44%) lignin content; decreased S Kajita et al. (1996)
Tobacco
(4CL antisense)
Decreased (44%) lignin content; decreased S Kajita et al. (1996)
Tobacco
(4CL antisense)
Unchanged lignin content; decreased S Kajita et al. (1997)
Aspen
(4CL antisense)
Decreased (45%) lignin content; increased cellulose content Hu et al. (1999)
Aspen
(4CL antisense)
Decreased (40%) lignin content; increased (14%) cellulose L. Li et al. (2003)
Chinese white poplar
(Populus tomentosa) (4CL antisense)
Decreased (42%) lignin content;
unchanged holocellulose content; red brown coloration
Caihong et al. (2004)
Populus tremula × Populus alba
(4CL antisense)
Decreased (50%) lignin content; reddish-brown discolored wood;
twice the extractive content as compared to control;
capacity for lignin reduction is limited such that below
a threshold, large changes in wood chemistry and plant metabolism
were observed that adversely affected productivity and potential ethanol yield
Voelker et al. (2010)
Tobacco
(CCR antisense)
Decreased (47%) lignin content;
increased S:G due to decrease in both S and G
Piquemal et al. (1998)
Tobacco
(CCR antisense)
Decreased lignin content; decreased G;
signiﬁcant amount of tyramine ferulate; markedly reduced vigor
Ralph et al. (1998)
Tobacco
(CCR partial sense suppression)
Decreased lignin content; increased S:G due to decrease
in S and G; improved paper pulp
O'Connell et al. (2002)
Arabidopsis thaliana (CCR antisense) Decreased lignin content; S:G decreased or
increased depending on culture conditions
Goujon et al. (2003a)
Solanum lycopersicon
(CCR RNAi)
Decreased (20-37%) lignin content;
Changes in soluble phenolic pool
Rest et al. (2006)
Populus tremula × Populus alba
(CCR antisense)
Decreased (50%) lignin content; S more reduced than G lignin;
ferulic acid incorporated into the lignin
leading to orange-brown, often patchy, coloration
of the outer xylem; reduced biosynthesis and increased
breakdown or remodeling of noncellulosic cell wall polymers;
Reduced hemicellulose content; Increased cellulose content;
growth affected in all 5 year old ﬁeld growing transgenic lines
Leplé et al. (2007)
Alfalfa
(CCR antisense)
Decreased lignin content; increased in vitro digestibility;
50–60% improvement in sacchariﬁcation efﬁciency
Jackson et al. (2008)
5 year old Norway spruce
(Picea abies [L.] Karst)
(CCR antisense)
Decreased (8%) lignin content; contribution of H-lignin to the
non-condensed fraction of lignin decreased (34%); normal phenotype
but smaller stem widths; Kappa number of small-scale
Kraft pulps reduced (3.5%)
Wadenbäck et al. (2008)
Nicotiana tabaccum transformed
with Leucaena leucocephala CCR
(CCR antisense)
Decreased (24.7%) lignin content; S:G increased; accumulation
of unusual phenolics like ferulic and sinapic acids in cell wall;
Reduction in aldehyde units; stunted growth and development,
wrinkled leaves, delayed senescence; orange-brown coloration
of debarked stems; thin walled, elongated xylem ﬁbers,
collapsed vessels, drastic reduction of secondary xylem;
increased thickness of secondary wall layers and
poor ligniﬁcation of S2 and S3 wall layers;
increase holocellulose content (15%)
Prashant et al. (2011)
Nicotiana tabaccum transformed
with Leucaena leucocephala CCR
(CCR sense up-regulation)
Increased (15.6%) lignin content;
robust growth, development; orange-brown coloration
of debarked stems
Prashant et al. (2011)
Tobacco
(CAD antisense)
Unchanged lignin content; decreased S Halpin et al. (1994)
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Table 1 (continued)
Transgenic plants and genes targeted Alterations in lignin content (% decrease/increase with respect to control)
and lignin composition; Production of other metabolites;
Changes in plant characteristics (if any)
References
Tobacco
(CAD antisense)
Unchanged lignin content; more aldehydes Hibino et al. (1995);
Higuchi et al. (1994)
Tobacco
(CAD antisense)
Unchanged lignin content; more aldehydes Stewart et al. (1997)
Tobacco
(CAD antisense)
Unchanged lignin content; decreased
S:G; more cinnamaldehyde
Yahiaoui et al. (1998)
2 year old poplar
(Populus tremula × Populus alba)
(CAD antisense)
Unchanged lignin content; increased cinnamaldehyde Lapierre et al. (1999)
Poplar
(CAD antisense)
Unchanged lignin content; increased aldehyde Chapple and Carpita (1998)
Tobacco
(CAD antisense)
Decreased G and S units;
increased benzaldehydes and cinnamaldehydes;
Increased pulp extractability
Baucher et al. (1996)
Tobacco
(CAD antisense)
Unchanged lignin content; decreased S Pinchon et al. (2001a, 2001b)
Field grown poplar
(CAD antisense)
Lignin more easily extractable from wood;
wood suitable for kraft pulping
Boerjan et al. (2001)
Tobacco
(CAD antisense)
Unchanged lignin content; decreased S Vailhe et al. (1998)
Poplar
(CAD antisense)
Decreased (13%) lignin content; increased S Lapierre et al. (1999)
Alfalfa
(CAD antisense)
Unchanged lignin content; decreased S Baucher et al. (1999)
Tobacco
(CAD antisense)
Decreased lignin content; increased S:G; improved paper pulp O'Connell et al. (2002)
Flax
(CAD RNAi)
Decreased lignin content; changed lignin composition;
reduction in the pectin and hemicellulose contents;
improved mechanical properties;
increased Young's modulus (75% higher);
reduced (two-fold) resistance of the
transgenic lines to Fusarium oxysporum
Kwiatkowska et al. (2007)
4 year old poplar
(CAD antisense)
Trees healthy; growth normal;
no unexpected biological or ecological impacts;
interactions with leaf-feeding insects, microbial pathogens
and soil organisms were unaltered; short-term
decomposition of transgenic roots
was slightly enhanced
Halpin et al. (2007)
Alfalfa
(CAD antisense)
Decreased lignin content; increased in vitro digestibility;
improved sacchariﬁcation efﬁciency
Jackson et al. (2008)
Maize
(CAD RNAi)
Unchanged lignin content, slightly decreased S:G ratio and
increased cellulose and arabinoxylan contents in stems;
reduced lignin content and cell wall polysaccharides in midrib;
midribs and stems more degradable
than wild-type plants;
Field-grown transgenic plants presented a wild-type
phenotype and produced higher amounts of dry biomass;
biomass produced higher levels of ethanol compared
to wild-type, making CAD a good target to improve
both the nutritional and energetic values of
maize lignocellulosic biomass
Fornalé et al. (2012)
Arabidopsis
(OMT C4H: F5H1)
[combination of mutation
in omt (down-regulation) with
over-expression of F5H under the
control of the C4H promoter
(C4H: F5H1 construct)]
Lignin comprising ~92% benzodioxane units;
massive shifts in phenolic metabolism;
38 metabolites derived from 5-hydroxy-substituted
phenylpropanoids accumulated
Vanholme et al. (2010b)
Tobacco
(CCR × CAD antisense; cross pollinated)
Decreased (50%) lignin content;
decreased S:G; CCR silencing predominated
over that of cad; plants
showed behavior
much like that of CCR down-regulated plants
Chabannes et al. (2001a, 2001b)
Tobacco
(OMT × CCoAOMT antisense)
Decreased (41–66%) lignin content;
decreased S:G; plants bore normal ﬂowers
and grew to heights similar to wild-type plants;
deformed vessel walls
Zhong et al. (1998)
Poplar
(OMT × CAD antisense;
CAD down-regulated transgenics
retransformed with OMT
antisense gene)
Decreased (15%) lignin content;
increased G; red brown coloration,
typical of CAD down-regulated plants
Lapierre et al. (1999)
Tobacco
(OMT × CCoAOMT antisense)
Decreased (35%) lignin content; decreased S Huayan et al. (2002)
(continued on next page)
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Table 1 (continued)
Transgenic plants and genes targeted Alterations in lignin content (% decrease/increase with respect to control)
and lignin composition; Production of other metabolites;
Changes in plant characteristics (if any)
References
Alfalfa
(OMT × CCoAOMT antisense)
Decreased (13%) lignin content; decreased G Guo et al. (2001a)
Tobacco
(OMT × CCR antisense; cross pollinated)
Decreased (50%) lignin content; decreased S;
substantial enrichment in condensed bonds;
Intermediate phenotype; pale red coloration
Pinchon et al. (2001a)
Tobacco
(OMT × CCoAOMT antisense)
Decreased (48%) lignin content; decreased S;
new 5 OH-G; decreased and β-O-4 bond contents;
morphological and developmental alterations such
as shorter mean stem internode length,
narrower leaves and decreased stamen size
Pinchon et al. (2001b)
Tobacco
(OMT × CAD antisense;
sexually crossed; OMT-male;
CAD-female)
Unchanged lignin content and composition Abbott et al. (2002)
Tobacco
(OMT × CAD sense; single chimeric transgene;
prepared by fusion of partial sense sequences
of these two non-homologous genes, OMT and CAD)
Decreased (20–30%) lignin content; decreased S Abbott et al. (2002)
Tobacco
(OMT × CCR × CAD sense;
multigene cotransformation)
Decreased (8–18%) lignin content; decreased S;
wood bronze colored; few transformants exhibited
stunted phenotype and irregular vessel walls,
characteristic of CCR down-regulation
Abbott et al. (2002)
Aspen
(4CL × CALD5H antisense 4CL
and sense CALD5H;
multigene cotransformation)
Decreased (52%) lignin content; increased S:G (64%);
increased cellulose (30%); accelerated cell
maturation in stem secondary xylem
L. Li et al. (2003)
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2005; Derikvand et al., 2008; Franke et al., 2002; Gill et al., 2003;
Goto et al., 1994; Grenet and Barry, 1991; Guillaumie et al., 2007;
Halpin et al., 1998; Lapierre et al., 2000; Marita et al., 1999; Patten
et al., 2010; Ralph et al., 1997; Rohde et al., 2004; Saballos et al., 2008,
2009, 2012; Sattler et al., 2009; Stasolla et al., 2003; Tamasloukht
et al., 2011; Thévenin et al., 2011; Thorstensson et al., 1992; Townsley
et al., 2013; Vanholme et al., 2013; Vermerris and Boon, 2001;
Vermerris et al., 2002, 2010; Vignols et al., 1995; Wu et al., 1999; Zhao
et al., 2013a). Presently, genomics, proteomics and metabolomics are
being used to improve our understanding of lignin biosynthesis pathway
and the ability to manipulate the genes involved. The genes involved in
lignin biosynthesis pathway as well as transcription factors regulating
lignin biosynthesis have also been cloned (Bout and Vermerris, 2003;
Bugos et al., 1991; Cao et al., 2012; Dharmawardhana et al., 1995;
Doorssalaere et al., 1995; Dumas et al., 1992; Gupta, 2008; Heath et al.,
1998; Jones et al., 2001; Kristensen et al., 1999; LaFayette et al., 1999;
Laskar et al., 2006; Lee et al., 1995; Ma et al., 2011; Martz et al., 1998;
Prashant et al., 2011; Ranocha et al., 1999; Selman-Housein et al., 1999;
Teutsch et al., 1993; Wang et al., 2012; Whetten and Sederoff, 1992).
This review gives an elaborative account of various biotechnological
approaches employed for altering lignin content and composition of
plants and their impact on pulp production, textile industry, forage
digestibility and biofuel/bioenergy production (Baucher et al., 1998;
Bedon and Legay, 2011; Boerjan et al., 1996; Bonawitz and Chapple,
2010; Boudet, 1998, 2000, 2007; Boudet and Grima-Pettenati, 1996;
Boudet et al., 1995, 2003; Carpita and McCann, 2008; Cesarino et al.,
2012; Chen et al., 2003a, 2003b; Dixon et al., 1994, 1996; Grima-
Pettenati and Goffner, 1999; Hisano et al., 2009; JinHua et al., 2007;
Jung and Ni, 1998; Jung et al., 2012a; Nieminen et al., 2012; Palit et al.,
2001; Rastogi and Dwivedi, 2003, 2008; Sederoff, 1999; Sederoff et al.,
1994; Sticklen, 2008; Vanholme et al., 2008, 2010c; Vanholme et al.,
2012; Weng et al., 2008; Whetten and Sederoff, 1991).
2. Approaches for genetic manipulation of lignin in plants
The strategies for alteration of lignin content and composition are
selected depending on the end utility. In recent times, themanipulationof lignin in plants is widely done by technologies including expression
of antisense RNA, sense expression, cosuppression, ribozyme and RNA
interference (RNAi) and mutations. As the plants can tolerate large
variations in lignin composition, oftenwithout apparent adverse effects,
substitution of some fraction of the traditional monolignols by alterna-
tive monomers through genetic engineering is a promising strategy to
engineer lignin in plants for suitability in paper and textile industries
as well as biofuel and easily digestible forage production (Vanholme
et al., 2012).
The targets for manipulation of lignin content and composition
include gene(s) encoding enzyme(s) involved inmonolignol biosynthe-
sis, their transport to cell wall, their polymerization to form lignin and
also regulation of lignin biosynthesis. However, till date, majority of
these approaches are based onmanipulation ofmonolignol biosynthetic
pathway genes as single constructs (Baucher et al., 2003; Boerjan et al.,
2003; Boudet and Chabannes, 2001; Dean, 2005; Halpin, 2004; Nehra
et al., 2005; Rastogi and Dwivedi, 2008; Rogers and Campbell, 2004;
Wei et al., 2001). In order to get synergistic effects on lignin content
and composition, two or more genes involved in monolignol biosyn-
thetic pathway have also been simultaneously targeted, either asmulti-
ple constructs or cross-overs (Abbott et al., 2002; Chabannes et al.,
2001a; Guo et al., 2001a; Lapierre et al., 1999; Pinchon et al., 2001a;
Zhong et al., 1998). Several studies have indicated the incorporation
of unusual structurally related aromatic compounds, for example,
cinnamaldehydes, 5-hydroxyconiferyl alcohol, dihydroconiferyl alco-
hol, ferulate esters, coniferyl ferulate, feruloyl tyramine, and ferulate
malate, into the cell walls of the transgenic plants (Derikvand
et al., 2008; Prashant et al., 2011; Pu et al., 2009; Ralph et al.,
1998, 2001; Stewart et al., 2009; Vanholme et al., 2010b; Wagner
et al., 2007). A summary of various lignin genetic engineering re-
searches pertaining to monolignol biosynthesis is presented in
Table 1. Reports are also available on genetic manipulation of genes in-
volved in monolignol transport and lignin polymerization; however,
these are mostly associated with pleiotropic effects (Blee et al., 2003;
Kavousi et al., 2010; Lagrimini, 1993; Lagrimini et al., 1993, 1997; Y. Li
et al., 2003; McIntyre et al., 1996; O'Malley et al., 1993; Ranocha et al.,
2002; Zhang et al., 2013). Lignin-speciﬁc transcription factor genes,
for example, MYB genes have also been targeted for altering lignin
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Tamagnone et al., 1998; Yan et al., 2013; Zhang et al., 2013; Zhou
et al., 2009). Thus, by engineering the expression of transcription fac-
tors, ligniﬁcation can be altered with fewer adverse effects on plant de-
velopment. Moreover, as these transcription factors bind the promoters
of multiple genes, the ﬂux through the pathway can be affected in a co-
ordinated way. Furthermore, as some transcription factors are speciﬁc
for developmental ligniﬁcation process and not for other processes,
such as stress lignin formation, the plant is able to respond to environ-
mental factors (Vanholme et al., 2010a).
Recently, a novel O-methyltransferase with a capability to substitute
p-hydroxyl group of monolignols has been created (Bhuiya and Liu,
2010). As this position is critical for oxidative coupling of phenoxy
radicals to form lignin polymers, this modiﬁed enzyme exhibited the
potential to manipulate lignin polymerization in planta. Upon plant
transformation, the plants accumulated de novo synthesized 4-O-
methylated soluble phenolics and wall-bound esters and the lower lig-
nin levels of transgenic plants resulted in higher sacchariﬁcation yields
(Zhang et al., 2012). Expressed sequence tags for various monolignol
biosynthetic pathway enzymes have also gained signiﬁcance as molec-
ular markers for manipulation of lignin metabolism (Braz et al., 2001).
Further emphasis has also been laid on the alteration of ligniﬁcation
by spontaneous or induced mutations (Anterola and Lewis, 2002;
Bout and Vermerris, 2003; Bucholtz et al., 1980; Chabbert et al., 1994;
Chapple et al., 1992; Cherney et al., 1990, 1991; Dean, 2005; Derikvand
et al., 2008; Franke et al., 2002; Gill et al., 2003; Goto et al., 1994;
Grenet and Barry, 1991; Halpin et al., 1998; Lapierre et al., 2000;
Marita et al., 1999; Patten et al., 2010; Ralph et al., 1997; Rohde et al.,
2004; Ruel et al., 2009; Stasolla et al., 2003; Thorstensson et al., 1992;
Vermerris and Boon, 2001; Vermerris et al., 2002; Vignols et al., 1995;
Wu et al., 1999; Zhao et al., 2013b).
2.1. Application of lignin manipulation in pulp and paper industry
Paper industries at present employ chemical deligniﬁcation process-
es for the production of high quality paper with superior characteristics
such as better brightness stability and no age related reduction in
whiteness. Chemical deligniﬁcation requires extensive chemicals and
energy, leads to damage of polysaccharide components of wood and is
also associatedwith the release of toxic pollutants into the environment
(Dwivedi et al., 1994; Rastogi and Dwivedi, 2006, 2008; Whetten and
Sederoff, 1991). To circumvent these problems, lignin genetic engineer-
ing may provide more economical in planta substitute to chemical
deligniﬁcation. Thus, by reducing lignin content and altering lignin
composition in woody plants, the quality and efﬁciency of pulping
may be improved with an increase in wood extractability and a reduc-
tion in mill efﬂuents. Moreover, more wood products can be produced
from less land, thus helping in the conservation of natural forests and
reducing the environmental effect of processing wood into pulp and
paper.
Different approaches are adopted for genetic manipulation of lignin
in plants in order to increase their applicability in pulp and paper indus-
try. The ﬁrst and foremost approach is to raise transgenic plants with
reduced lignin content. The second approach targets lignin composition.
The studies have revealed that the relative proportions of G and S units
(i.e., amounts of methoxy and hydroxyl groups) determine the physical
properties of lignin with respect to paper pulping (Chiang and Funaoka,
1990; Chiang et al., 1988). At large, the efﬁciency of wood pulping is di-
rectly proportional to the amount of S lignin units. In gymnosperms, the
efﬁciency of pulping may be increased by reducing the number of free
C5 positions that may participate in the formation of resistant C5–C5 in-
terunit bonds in lignin and make it difﬁcult to delignify. This can be
achieved by inducing methoxylation at C5 position, for example, by
over-expressing OMT or F5H. On the other hand, in angiosperms, four
major strategies may be adopted to improve the efﬁciency of pulping.
The ﬁrst strategy is based on the increase in S lignin content, forexample, through up-regulation of F5H and F5H-speciﬁc OMT. The sec-
ond strategy involves partial substitution of methoxy groups with hy-
droxyl groups, which have higher hydrophilicity as compared to
methoxy groups and ionize in aqueous media, for example by down-
regulation of OMT activity. This improves lignin solubilization in
pulping liquor, allowing less intensive chemical treatment to obtain an
equivalent pulp grade (Biermann, 1993; Boudet et al., 1995;
Doorssalaere et al., 1995; Koehler and Telewski, 2006). The third strate-
gy involves incorporation of aldehydes into the lignin leading to an
improvement of alkali extractability (alkali catalyzes cleavage of weak
linkages between lignin and polysaccharides and ionization of free phe-
nolic functions), for example by down-regulation of CAD. This owes to
the fact that the incorporation of aldehydes at C4 position renders it
more susceptible to ionization in alkali, increases the susceptibility of
α and β carbons to chemical attack by alkali and also reduces the fre-
quency of cross-links of γ-terminal alcohol groups with polysaccha-
rides. It has been suggested that the down-regulation of CAD activity
leads to an increase in the levels of C6–C1 compounds, such as benzal-
dehyde, vanillin and syringaldehyde, which aid in alkali extractability
of lignin. As the kraft pulping method employed in paper industry
uses splitting and degradation of lignin, mostly at β-O-4 linkages be-
tween monomeric phenylpropane units, the transgenic plants with
cinnamaldehyde rich lignin are more responsive to pulping as com-
pared to normal lignin, as the aldehyde groups in lignin attract electron
more strongly from these linkages as compared to alcohol groups
(Dimmel et al., 2002). The fourth strategy for facilitating cellulose ﬁber
deligniﬁcation and utilization could be the incorporation of ester inter-
unit linkages into lignin, for example by partial substitution of coniferyl
alcohol with coniferyl ferulate (Grabber et al., 2008). This enhances
alkaline extractability of lignin and enzymatic hydrolysis of structural
polysaccharides due to the formation of cell walls containing lignin
enriched in ester bonds that are easily breakable at low temperature
and alkaline concentrations and more readily hydrolyzable with
ﬁbrolytic enzymes, both with and without alkaline pretreatments.
Thus, by bioengineering plants to incorporate coniferyl ferulate into
lignin, sacchariﬁcation of lignocellulosic biomass can be enhanced
leading to less energy- and chemical-demanding biomass pretreatments
to liberate cellulose for paper production (Grabber et al., 2008).
Based on the above facts several lignin genetic engineering studies
have been conducted. The results of such studies that are suitable
for pulp and paper industry are summarized in Table 1. Rastogi and
Dwivedi (2006) have also reported reduction of lignin content and
alteration of lignin composition by down-regulation of OMT activity in
woody tree Leucaena leucocephala. The study involved Agrobacterium
tumefaciensmediated transformation of plants with heterologous gene
constructs (0.47 kb OMT gene construct from aspen) leading to up to
60% reduction in OMT activity relative to control. These plants displayed
a reduction of 28% in total lignin content as evaluated by the Klason
method. A reduction in lignin content, normal xylem development,
probable increase in aldehyde levels and a decrease in syringyl units
were also demonstrated by histochemical analyses of stem sections.
Lignin down-regulation was accompanied by an increase in methanol
soluble phenolics to the extent where it had no impact on wood discol-
oration and the plants exhibited a normal phenotype. Concurrently, an
increase of up to 9% in cellulose content was also detected. Upon alkali
extraction, modiﬁed lignin was more extractable as apparent from in-
creased alkali soluble phenolics and reduced Klason lignin in saponiﬁed
residue. The results are presented in Fig. 2 and tabulated in Table 1. The
results suggested enhanced applicability of transgenic Leucaena in the
production of easily extractable wood for applicability in paper industry
and easily digestible forage.
To sum up, lignin genetic engineering for suitability in pulp and
paper industry should be aimed at reduction in lignin content, increase
in S lignin units, partial substitution of methoxy groups with hydroxyl
groups in monolignols, incorporation of aldehydes into lignin and
incorporation of coniferyl ferulate into lignin with no detrimental
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Fig. 2. Determination of O-Methyltransferase enzyme speciﬁc activity (OMT Sp. Ac.; expressed as (nmol14CH3 incorporated/min/mg protein)), Klason Lignin (Acid Insoluble Lignin;
KL; expressed as % dried woody tissue), Acid Soluble Lignin (ASL; expressed as % dried woody tissue), Total Lignin (TL; TL = KL + ASL; expressed as % dried woody tissue), Methanol
Soluble Phenolics (MeOH-SP; expressed as mg catechol/g dried woody tissue) and Cellulose (CEL; expressed as mg anhydroglucose/g cell wall residue, after multiplying with a factor
of 0.9) contents in the stems of control (C) and six transformed plants (T1 to T6) of L. leucocephala. Data represent the mean of three independent measurements ± SD [ C T1
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being used successfully in improving alkali extractability and pulping
properties of wood, for example increased methanol soluble phenolics
in dried woody tissue, increased alkali soluble phenolics in cell wall res-
idue, reducedKlason lignin in saponiﬁed residue, higher amounts of free
and alkali labile conjugated phenolics, high free phenolics:alkali labile
conjugated phenolics ratio, augmented cellulose content, lower kappa
number, enhanced bleachability and increased levels of paper bright-
ness (Baucher et al., 1999; Boudet et al., 1998; Halpin et al., 1994;
Kajita et al., 2002; Lapierre et al., 1999; O'Connell et al., 1998; Pilate
et al., 2002; Rastogi and Dwivedi, 2006, 2008; Wei et al., 2008).
2.2. Application of lignin manipulation in bioﬁber production for
textile industry
Synthetic ﬁbers used nowadays are non-renewable sources of ﬁber
and their production lead to environmental pollution. Consequently,
there is renewed interest in the use of plant ﬁbers, for example, cotton,
jute and ﬂax, in textile industry (Jhala et al., 2009; Stephens and Halpin,
2007). Flax ﬁbers are lignocellulosic ﬁbers that contain ~70% cellulose,
with hemicellulose, pectin and lignin and are routinely used in textile
industry. The presence of lignin gives mechanical strength to the ﬁber
and plant on one hand, but its presence confers poor elastic properties
to ﬁbers as compared to non-lignocellulosic ﬁbers, for example, cotton
ﬁbers. Thus, by producing low-lignin ﬂax, ﬁbers with improved elastic
properties may be obtained. This has been successfully achieved by
CAD down-regulation using RNAi technology (Kwiatkowska et al.,
2007). Manipulation of CAD gene has been reported to result in a reduc-
tion in lignin content in transgenic plants and improved mechanical
properties with up to 75% higher Young's modulus in the transgenic
plants as compared to control plants. A substantial increase in the lignin
precursor contents and a decrease in pectin and hemicellulose contents
were also detected, which improved ﬁber extractability.
Besides their utility in textile industry, bioﬁbers also ﬁnd application
in biomedical science and automotive industry. Bioﬁbers have the
potential to replace petroleum-based synthetic polymers owing to
their low production costs, biodegradable nature, physical properties
and environmental-friendliness. For such applications, transgenic ﬂax
plants enriched with poly β-hydroxybutyrate have been generated.Stems of transgenic plants exhibited improved mechanical properties
owing to an increase in cellulose content, alteration in arrangement of
cellulose, increase in the number of hydrogen bonds and decrease in lig-
nin and pectin contents (Wróbel-Kwiatkowska et al., 2009). However,
such changes were not detected in ﬁbers and their mechanical proper-
ties remained unaltered. It was suggested that these transgenic
ﬂax plants producing both components of the ﬂax/β-hydroxybutyrate
composites (i.e., ﬁbers and thermoplastic matrix in the same plant
organ) could serve as a source of an attractive and environmentally
safe material for industry and medicine.
2.3. Application of lignin manipulation in forage production
The intimate association of both core (i.e., highly condensed
polymeric matrices) and non-core lignins (i.e., low molecular weight
phenolic monomers) with cell wall polysaccharides, such as cellulose
and hemicellulose, through covalent bonding physically separates
digestive hydrolytic enzymes from cell wall polysaccharides, conse-
quently limiting their digestibility by ruminants and decreasing energy
yields (Dixon, 2004; Jackson et al., 2008; Jung et al., 2012a; Rastogi and
Dwivedi, 2008; Shadle et al., 2007; Vailhe et al., 2000). Besides lignin
content, lignin methoxyl content or S:G ratio, p-coumarate:ferulate
ratio (pCA:FA), ultrastructure and distribution of ligniﬁed tissues in
forage crops are important determinants of digestibility of cell wall
polysaccharides. Other factors affecting forage digestibility are concen-
trations of protein, non-structural carbohydrates, minerals, phenolic
acids and ﬁber components, composition of cell wall polysaccharides,
lignin–polysaccharide cross-linkages, maturity level and structural
differences limiting microbial and/or enzyme accessibility. The content
of highly condensed G lignin reduces cell wall degradability. Changes
in phenolic deposition in parenchyma cells have been suggested to
favor digestion and aid the penetration of digestive enzymes to less
digestible tissues (Buanaﬁna, 2009). In the cell walls of forage grasses,
ferulic acid is esteriﬁed to arabinoxylans and participates with lignin
monomers in oxidative coupling pathways to generate ferulate–
polysaccharide–lignin complexes that cross-link the cell wall
(Buanaﬁna, 2009). Ferulic acid residues are mainly introduced into
the cell wall polysaccharides of grasses via an ester linkage between
the carboxylic acid group of ferulic acid and the primary alcohol on
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be covalently linked to lignin monomers via an ether linkage.
Hydroxycinnamic acids are coupled by peroxidase-mediated oxida-
tive coupling to form a variety of dehydrodiferulate dimers, cross-
linking polysaccharide chains (Brett and Waldron, 1996).
Feruloylation of arabinoxylan acts as a nucleating site for the forma-
tion of lignin and for the linkage of lignin to the xylan/cellulose network
via lignin–ferulate–xylan complexes. Bonding between these two
abundant polymers in the ligniﬁed walls of grasses contributes to
the low digestibility of most grass species by ruminants and to the
recalcitrance of grass tissues to direct degradation by simple mixtures
of cellulases and xylanases (Lam et al., 2003). It has been established
that ferulic acid esters work as dimerization sites for feruloylated
arabinoxylans and for the formation of ester-ether bridges between
arabinoxylans and lignin. Larger products deﬁned as oligoferulates
that may predominate over ferulate dimers have been reported together
with the presence of ether-like bonds formed between ferulates and
polysaccharides, which reinforce polysaccharide cross-linking even
further. Consequently, bonding between these two abundant polymers
in ligniﬁed walls of grasses is the main cause for much of the difﬁculty
in digestion of the ligniﬁed walls of grasses by ruminants and, in part,
to the recalcitrance of grass tissues to direct attack by cellulases and
arabinoxylanases (Buanaﬁna, 2009).
Reports based on analysis ofmutants and transgenic plants are avail-
able on the improvement of forage digestibility by manipulating lignin
content and composition (Albrecht et al., 1987; Argillier et al., 1996;
Baucher et al., 1999; Buxton and Casler, 1993; Buxton and Redfearn,
1997; Buxton and Russel, 1988; Casler, 1987; Chen et al., 2002, 2003a,
2004; Cherney et al., 1990; Dixon and Guo, 2011; Goujon et al., 2003a;
Grabber, 2005; Grabber et al., 1992, 1997, 2004; Grenet and Barry,
1991; He et al., 2003; Jung and Deetz, 1993; Jung et al., 1997a, 1997b,
1999, 2012a; Lacayo et al., 2013; Lam et al., 2003; Marita et al., 2003b;
Reddy et al., 2005; Sewalt et al., 1996, 1997a, 1997b; Thorstensson
et al., 1992; Vailhe et al., 1996, 1998, 2000; Wang and Brummer,
2012). Till date, conﬂicting results have been presented concerning
the relationship of lignin with digestibility. For example, OMT down-
regulated transgenic tobacco have been demonstrated to exhibit 5.6%
increase in in vitro digestibility with 10-fold decrease in S:G ratio and
unaltered lignin content (Vailhe et al., 1996). Brownmidrib 1 (bm1)mu-
tants of maize exhibited higher digestibility due to altered pCA:FA ratio
resulting from the reduction in the amount of esteriﬁed p-coumaric acid
with no change in soluble p-coumarate (Halpin et al., 1998). Arabidopsis
f5h mutants showed complete loss of S lignin but no effect cell
wall degradability (Jung et al., 1999). Brown midrib mutants of maize
and sorghum exhibited improved digestibility and improved animal
performance. For omtmutant maize brown midrib mutant, bmr3with
decreased S:G ratio and Klason lignin content, a negative correlation
between Klason lignin and in vitro neutral detergent ﬁber (NDF) digest-
ibility has been demonstrated (Mechin et al., 2000; Vignols et al., 1995).
Moreover, the predicted in vitroNDFdigestibility of three bmr3 lines de-
termined by regression analysis exceeded the actual values, suggesting
that each unit of bmr3 lignin inhibited digestibility and that lignin com-
position might inﬂuence digestibility. In yet another study, Grabber
et al. (1997) suggested that lignin composition has little effect on forage
digestibility, at least in vitro. CAD down-regulated transgenic alfalfa
have been reported with unaltered Klason lignin content, reduced
(50%) S:G ratio and increased forage digestibility in cannulated sheep
(Baucher et al., 1999). Guo et al. (2001b) provided better insights into
the relation between lignin content, composition and in situ digestibility
and indicated that both lignin content and composition affect digestibility
of alfalfa forage by down-regulating OMT and CCoAOMT. OMT down-
regulated transgenic alfalfa exhibited complete elimination of S lignin
with a signiﬁcant improvement in in-rumen forage digestibility.
Although lignin content was reduced in stem internodes, no signiﬁcant
effect on lignin levels was observed in the less ligniﬁed forage samples
consisting of upper stem and leaf material. On the contrary, down-regulation of CCoAOMT, which led to similar reduction in Klason lignin
in stem material but an increased S:G ratio, gave a larger increase in
in situ digestibility, possibly because of the signiﬁcant decrease in lignin
content in the forage material. It seemed unlikely that augmented con-
densation of lignin (as expected in the OMT down-regulated lines) was
a serious factor affecting forage digestibility. The data suggested that the
down-regulation of CCoAOMT is an effective strategy for improving di-
gestibility of alfalfa forage. These improvements appeared to result from
a combination of reduced lignin level and increased S:G ratio and prob-
ably did not involve signiﬁcant changes in content and composition of
cell wall polysaccharides or gross changes in vascular morphology.
Down-regulation of CCoAOMT in two independent lines led to improve-
ment in in vitro true digestibility of up to 4.4% and of in-rumendigestibil-
ity of 2.8–6%. An improvement in digestibility of as little as 1% (which
was attained in all the transgenic lines analyzed) could be highly signif-
icant in terms of animal weight gain (Casler and Vogel, 1999). Reddy
et al. (2005) targeted C4H, C3H, F5H and generated antisense transgenic
alfalfa lines with a range of differences in lignin content and composi-
tion. The largest improvements in digestibility were attained in C3H
down-regulated alfalfa. A strong negative relationship between lignin
content and rumen digestibility was observed. However, no relation-
ship between lignin composition and digestibility was observed.
Shadle et al. (2007) reported that the antisense expression of HCT
under the control of bean PAL2 promoter led to a strong reduction in
lignin content and striking changes in lignin monomer composition,
with predominant deposition of 4-hydroxyphenyl units in the lignin.
Analysis of forage quality parameters displayed strong reductions of
neutral- and acid-detergent ﬁber in the down-regulated lines and
large increases (up to 20%) in dry matter forage digestibility. Recently,
CCR and CAD down-regulated alfalfa have also been shown to exhibit
a reduction in lignin content associated with an increase in in vitro
digestibility (Jackson et al., 2008).
Another implication of lignin down-regulation on forage digestibili-
ty is related to concurrent increase in cellulose content (Hu et al., 1999;
Rastogi and Dwivedi, 2006). This compensatory regulation of lignin and
cellulose is considered to be an adaptation of trees to sustainmechanical
strength in lignin-deﬁcient xylem. In lignin-deﬁcientwood, partitioning
of carbon occurs into cellulose biosynthesis due to its reduced ﬂow into
lignin biosynthesis pathway. Another possible explanation is related to
increase in UDP-glucose pool. As the basic event in cellulose biosynthe-
sis is a simple polymerization of glucose residues from a substrate such
as UDP-glucose to form the homopolymer β-1,4-D-glucan (cellulose),
a reduction in monolignol biosynthesis in cytoplasm and hence its
transport to the cell wall may lead to accumulation of UDP-glucose,
which is probably diverted to cellulose biosynthesis. Furthermore, as
cellulose microﬁbrils adsorb lignin precursors and oligomers and inﬂu-
ence their freedom to participate in random polymerization reactions
(Houtman and Atalla, 1995), increase in cellulose component of the
plant cell wall may inﬂuence lignin structure by changing the course
of dehydrogenative polymerization of monolignols. Concomitant
increase in cellulose content with a reduction in total lignin content
and S units in the transformants in turn improves the nutritive value
and digestibility of forage.
To summarize, lignin genetic engineering leading to reduced lignin
content, reduced G lignin content, increased S:G ratio, or reduced pCA:
FA ratio may improve forage digestibility. As digestibility and intake of
forage are key factors in the growth of ruminant animals, improvement
of digestibility would beneﬁt the recoverable yield of forage crops
thereby curtailing the overall cost of animal production.
2.4. Application of lignin manipulation in bioenergy/biofuel production
Due to depleting resources of fossil fuel supply and their hiking
prices, there is a need to supplement them with renewable energy
sources, for example, bio-based fuels. The stored solar energy in plant
biomass can be released by burning, thermochemical conversion to
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to generate biofuels including alcohols and biogas (Johnson et al., 2007;
Lin and Tanaka, 2006; Vertès et al., 2008; Vogel and Jung, 2001; Weng
et al., 2008; Yuan et al., 2008). An emerging effort has been expended
to increase the use of plant lignocellulosic biomass for the production
of bioethanol (Carroll and Somerville, 2009; Grabber et al., 2010;
Lee et al., 2011). Lignocellulose is, however, recalcitrant in nature due
to its molecular structure and heterogeneity, wherein lignin resists
enzymatic degradation to convert plant cell wall polysaccharides into
fermentable sugars for biofuel production (M. Li et al., 2012;
Vanholme et al., 2010c; Vega-Sanchez and Ronald, 2010; Weng et al.,
2008). Consequently, the conversion of biomass to biofuel requires cost-
ly and harsh pretreatments to degrade lignin and further allow the ac-
cess to polysaccharides for sacchariﬁcation (Grabber et al., 2010;
Simmons et al., 2010). The plants can thus be rendered more amenable
to bioprocessing by genetic modiﬁcation of lignocellulosic matter char-
acteristics. The highly photosynthetic-efﬁcient C4 grasses, such as
switchgrass, Miscanthus, sorghum and maize, are expected to provide
abundant and sustainable resources of lignocellulosic biomass for the
production of biofuels (Bosch and Hazen, 2013; Carpita and McCann,
2008; Cesarino et al., 2012;Weijde et al., 2013). An improvement in bio-
mass conversion efﬁciencies into fermentable sugars with themodiﬁca-
tion of lignin in switchgrass, Miscanthus, sorghum, maize, alfalfa,
Arabidopsis, sugarcane, or poplar feedstocks has been reported
(Aristidou and Penttila, 2000; Arruda, 2012; Barriere et al., 2004; Bout
and Vermerris, 2003; Carroll and Somerville, 2009; Chabbert et al.,
1994; Chen and Dixon, 2007; Davis, 2008; Eudes et al., 2012; Farago,
2007; Feltus and Vandenbrink, 2012; Fornalé et al., 2012; Halpin et al.,
1998; Hisano et al., 2009; Jung et al., 2012b; Lee et al., 2011; Li et al.,
2008; Lin and Tanaka, 2006; Lu et al., 2010; Marita et al., 2003b;
Nieminen et al., 2012; Piquemal et al., 2002; Ragauskas et al., 2006;
Ralph et al., 2006; Sattler and Funnell-Harris, 2013; Shen et al., 2013;
Simmons et al., 2010; Vanholme et al., 2010c; Vega-Sanchez andRonald,
2010; Vermerris and Boon, 2001; Vignols et al., 1995;Weng et al., 2008;
Xu et al., 2011; Yuan et al., 2008). Populus trichocarpa and Brachypodium
distachyon are also emerging as model systems for energy crops (Li
et al., 2008). Upon comparison of cell wall degradability of wild-type
Arabidopsis thaliana with a G-rich mutant line and a S-rich genetically
modiﬁed line, it was found that lignin composition affected the
enzymatic digestibility of liquid hot water pretreated plant material
and pretreatment was more effective in enhancing the sacchariﬁcation
of A. thaliana cell walls containing S-rich lignin.
Form these studies, it has been established that increasing the S unit
content through genetic engineering may be a promising approach to
increase the efﬁciency and reduce the cost of biomass to biofuel conver-
sion (Li et al., 2010). Reducing lignin content below a critical threshold
can lead to lower recalcitrance and higher sacchariﬁcation efﬁciency.
Moreover, a more uniform lignin structure facilitates more efﬁcient
cell wall degradation for fuel production (Anterola and Lewis,
2002; Boerjan, 2005; Chabannes et al., 2001b; Chen and Dixon, 2007;
Davison et al., 2006; Grabber et al., 2009; Hu et al., 1999; Meyermans
et al., 2000; Ralph et al., 2006; Rest et al., 2006; Sticklen, 2006;
Talukder, 2006). Lignin modiﬁcation is also a promising path for
improving the access of cellulases to degrade cellulose (Rodriguez
et al., 2000; Sticklen, 2008).
Additional research has revealed the co-regulation of lignin and
cellulose biosynthesis in several studies. Repressing a single lignin bio-
synthetic pathway gene, for example, 4-CL or OMT has been shown to
result in a reduction in lignin content with a concomitant increase in
cellulose content (Hu et al., 1999; Rastogi and Dwivedi, 2006, 2008).
Similarly, an Arabidopsis cellulase synthase gene mutant, impaired in
cellulose biosynthesis, had altered lignin synthesis (Caño-Delgado
et al., 2003). In another study, expression of an Arabidopsis transcrip-
tion factor, SHINE (SHN), in rice, a model for the grasses, caused a 34%
increase in cellulose and a 45% reduction in lignin content. The rice
AtSHN lines also exhibited an altered lignin composition correlatedwith improved digestibility, with no compromise in plant strength
and performance. Globalgene expression analysis of rice revealed that
the SHN (SHINE transcription factor) regulatory network coordinated
down-regulation of lignin biosynthesis and up-regulation of cellulose
and other cell wall biosynthesis pathway genes (Ambavaram et al.,
2011). The results supported the development of nonfood crops and
crop wastes with increased cellulose and low lignin with good agro-
nomic performance that could improve the economic viability of ligno-
cellulosic crop utilization for biofuels. In several cases, manipulation of
lignin biosynthesis pathway genes has resulted in alteration in lignin
composition and structure rather than alteration in quantity. Because
the efﬁciency of biomass conversion depends on hydrolyzing agents
gaining access to plant polysaccharides, alteration of plant cell wall
structure could yield important advantages. For example, when the lig-
nin biosynthesis gene CCR was down-regulated in poplar, cellulose
component of the plant cell wall wasmore easily digested by the bacte-
rium Clostridium cellulolyticum and twice as much sugar was released.
Thus, reduction of lignin and increase in S lignin in biofuel crops by
genetic engineering are effective ways of reducing costs associated
with pretreatment and hydrolysis of cellulosic feedstocks, however,
some potential ﬁtness issues should also be addressed. Furthermore,
enzymatic processing may be facilitated by decreasing lignin content
and increasing cellulose content, modifying enzymes to achieve higher
activities, broad substrate speciﬁcities, reduced inhibition and develop-
ing new high-temperature and ethanol-tolerant microorganisms that
are able to ferment various six-carbon and ﬁve-carbon sugars.
3. Impacts of lignin genetic engineering on plants and environment
Recent advances in tree genetics permit modiﬁcation of lignin con-
tent and structure, however, the consequences of lignin modiﬁcations
on many wood properties are unpredictable. In some studies, lignin
manipulation has exerted diverse and unpredictable impacts on plant
physiology, for example, brown coloration and dwarﬁng. (Abbott
et al., 2002; Caihong et al., 2004; Chabannes et al., 2001a, 2001b; Chen
and Dixon, 2007; Dwivedi and Campbell, 1995; Doorssalaere et al.,
1995; Elkind et al., 1990; Franke et al., 2002; Higuchi et al., 1994;
Hoffmann et al., 2004; Jouanin et al., 2000; Kwiatkowska et al., 2007;
Lapierre et al., 1999; L. Li et al., 2003; Maher et al., 1994; Pinchon
et al., 2001a, 2001b; Prashant et al., 2011; Shadle et al., 2007; Tsai
et al., 1998; Zhong et al., 1998). The consequences of lignin manipula-
tion in various studies are presented in Table 1. This growth defect is a
direct consequence of the lignin-deﬁcient xylem that is unable to sup-
port water transport and mechanical strength and is considered as an
inherent limitation of the lignin reduction approach for biomass im-
provement (Li and Chapple, 2010). While investigating genetically
modiﬁed young quaking aspen trees with reduced lignin content and/
or increased S:G ratio for the modulus of elasticity in three-point bend-
ing and the compression strength parallel to the grain using modiﬁed
micromechanical tests, it has been indicated that lignin genetic modiﬁ-
cation had a negative effect on these mechanical properties (Horvath
et al., 2010). The transgenic trees with reduced lignin content showed
extensive reduction in modulus of elasticity and compression strength
parallel to the grain. On the contrary, the transgenic treeswith increased
S:G ratio revealed only a slight decrease in these properties compared
with the wild-type, while simultaneous modiﬁcation of lignin content
and S:G ratio showed inconsistent results.
To sum up, evaluation of ﬁeld performance of modiﬁed plants is of
immense importance (Casler et al., 2002; Halpin et al., 2007). Presently,
many studies have demonstrated the beneﬁcial effects of lignin manip-
ulation on end-use applications in the laboratory, but only a few studies
have conducted ﬁeld trials (Boerjan, 2005; Halpin et al., 2007; Hopkins
et al., 2007; Kawaoka et al., 2006; Lapierre et al., 1999; Leplé et al., 2007;
Pilate et al., 2002; Voelker et al., 2010; Wadenbäck et al., 2008; Walter
et al., 2010; Wei et al., 2008). In the ﬁeld, plants are exposed to various
environmental conditions and biotic and abiotic stresses as compared
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end-use application. The impacts on plant growth and ecological
impacts of lignin manipulation should be addressed.
4. Conclusion and future prospects
The intervention of biotechnological approaches (expression of anti-
sense RNA, sense suppression, ribozyme, RNAi) for alteration of lignin
content and composition has immense potential in the direction of
optimal utilization of plant biomass in pulp and paper industry, textile
industry for bioﬁber production, easily digestible forage production,
bioenergy production and biodegradation. The implementation of
these transgenic strategies underﬁeld conditions, however, requires ap-
propriate facilities and equipments, permits for testing and approval by
the government. Finally, to fully exploit the potential of lignin manipu-
lation, it is necessary to increase the public acceptance of transgenic
crops and have proper regulatory system for the release of transgenic
varieties. It, however, appears that the use of transgenic approaches
to enhance biomass conversion properties may face less public con-
cerns, as long as these transgenic varieties do not contaminate the
food chain. But before the technology receives full public acceptance,
more research is needed to develop more precise lignin engineering
strategies. Proper understanding of functioning of the network linking
lignin biosynthetic pathway to other metabolic pathways, taking into
account feedback loops, enzyme kinetics and ﬂuxes is also required.
Laboratory experiments should be subjected to ﬁeld trials in order to
evaluate the effect of environmental conditions. Future projects should
be aimed at changing lignin and/or the non-condensed fraction of lignin
by combinatorial modiﬁcation of multiple lignin traits in plants through
multigene co-transformation, stacking several lignin transgenes
(e.g. siRNA-CAD and/or siRNA-CCR), using wood-speciﬁc promoter
for transgene expression and by transcriptional control of lignin
biosynthesis (e.g. MYB-factors).
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